With increased cropping intensity, one would expect that more crop residue and C would be added to the Soil C sequestration can improve soil quality and reduce agriculsoil than with a crop-fallow system (Campbell et al., ture's contribution to CO 2 emissions. The long-term (12 yr) effects of tillage system and N fertilization on crop residue production and Janzen et al., 1998a; Peterson et al., 1998) . 
pointed out the lack of longterm cropping systems data evaluating SOC sequestration in the northern Great Plains. In 1983, A.L. Black, N o-till and MT systems have allowed producers in USDA-ARS, at Mandan, ND initiated a long-term cropthe semi-arid Great Plains to intensify the freping system study to evaluate the influence of tillage quency of cropping when compared with the traditional and N fertility level on crop yields and soil C and N crop-fallow system (Aase and Schaefer, 1996; Farahani changes within SW-F and annual cropping (SW-WWet al., 1998; Halvorson, 1990; Halvorson and Reule, SF) rotations (Black and Tanaka, 1997) . Grain yields 1994; Halvorson et al., 1999a Halvorson et al., ,b, 2000a . Deibert et al. for this study have been reported by Halvorson et al. (1986) and Peterson et al. (1996) point out that more (1999a,b, 2000a,b) . Since initiation of this study, numercontinuous cropping and less crop-fallow is needed in ous Canadian Prairie Province studies have reported on the Great Plains to attain more efficient use of limited the effects of tillage system, fertility, and crop rotation water supplies. Cihacek and Ulmer (1995) point out that on SOC sequestration as summarized by Janzen et al. more intensive cropping systems than crop-fallow along (1998b). Peterson et al. (1998) summarized the positive with reduced tillage is needed to prevent the loss of SOC influences of reduced tillage and intensified cropping from Great Plains soils. The fallow period represents a systems on soil C in the U.S. Great Plains. No dryland time of high microbial activity and decomposition of studies on SOC sequestration were found in the northsoil organic matter with no input of crop residue. Annual ern Great Plains that included sunflower in the intensive cropping reduces the amount of time decomposition crop rotation. This paper reports on the long-term efis occurring without crop residue inputs. Fallow also fects of tillage system (CT, MT, and NT) and N fertilizer represents a time when the soil is susceptible to wind rate on crop residue production and SOC sequestration erosion which is another major loss mechanism for soil within two dryland cropping systems (SW-WW-SF and organic matter in the northern Great Plains (Haas et SW-F) located in the U.S. northern Great Plains. al., 1974). 5 km southwest (lat. 46Њ 46Ј25″ N, long. 100Њ 57Ј7″ W) of generally applied in mid to late July during the summer of fallow to eliminate weeds and help maintain surface residue Mandan, ND. The soil was fairly uniform over the research site. The soil was broken out of native sod in about 1951. The cover in the CT treatment by reducing the number of tillage operations. All tandem disk operations were performed at a area was cropped to silage corn (Zea mays L.) and SW until 1982, with occasional years of summer fallow following SW.
depth of 8 to 12 cm. Minimum-till treatments were generally not tilled in the fall following SW harvest, but were tilled once No set crop rotation was followed by the farmer during this 32-yr cropping period, but silage corn was produced more with a sweep plow the following spring. Burn-down herbicide applications were made as needed throughout the fallow pefrequently than SW. Silage corn yields usually ranged from 18 to 22 Mg ha Ϫ1 and SW yields from 1300 to 1700 kg ha
Ϫ1
.
riod with one sweep plow operation just prior to SW planting. Residue cover was 30 to 60% at planting. All sweep plow A tandem disk was used as the primary tillage implement during noncrop periods to control weeds. Planting of both operations were performed at a shallow depth (Ͻ8 cm). Notill treatments received burn-down herbicide applications as crops was with a plow-packer-drill combination. Tillage depth with the plow was generally Ͻ15 cm, with all surface crop needed to control weed growth during the fallow period. Residue cover was generally Ͼ60% at planting. residue buried after the planting operation. Little, if any, N fertilizer had been applied during the 33-yr cropping period Spring-applied herbicides were used to control weeds within the growing crop in both cropping systems. The grain yields prior to 1984. Some P fertilizer had been applied by the farmer. At the initiation of this study, 45 kg P ha Ϫ1 was broadcast and production details have been reported by Halvorson et al. (1999a,b; 2000a,b) . The total crop residue amount and total applied over the entire study area to eliminate P deficiency in 1984. No more fertilizer P was applied to the plot area residue N presented here are the average of the SW, WW, and SF crops grown in the triplicate sets of AC plots over 12 during the study period. Unfertilized sunflower was grown on the entire plot area in 1983 to establish uniform soil water yr. This was done to obtain an overall impact of the cropping system, tillage and N treatments on SOC sequestration. and N levels.
An AC rotation (SW-WW-SF) and a SW-F rotation were Annual precipitation at the research site from 1984 through 1996 varied from a low of 205 mm in 1988 to a high of 659 managed under three tillage systems, CT, MT, and NT. Hardred wheats and oil sunflowers were grown in the rotations. mm in 1993 (Halvorson et al., 2001) . The average annual precipitation during the study at the research site was 418 The SW and SF were planted with no-till disk-opener planters and the WW with a no-till narrow-hoe opener type planter. mm, slightly more than the 82-yr average of 409 mm at the nearby Northern Great Plains Research Laboratory, Mandan, Nitrogen fertilizer was applied in early spring each year to each crop as a broadcast application of NH 4 NO 3 at rates of ND. Monthly precipitation deviated greatly from the 13-yr average monthly precipitation. Three consecutive years, 1988 34, 67, and 101 kg N ha Ϫ1 in the annual cropping rotation and 0, 22, and 45 kg N ha Ϫ1 in the SW-F rotation, except for 1991 to 1990, were droughty with reduced grain yields (Halvorson et al., 1999a,b; 2000a,b) . Annual precipitation in 1986 Annual precipitation in , 1993 Annual precipitation in , and 1992 no N was applied because of a build-up of residual soil NO 3 -N because of drought conditions and low 1994, and 1995 was above the average for the research site. Yearly crop residue samples were collected at harvest of yields from 1988 through 1990. The total quantity of N applied during the 12 yr was 336, 672, and 1008 kg N ha Ϫ1 for the AC each crop and analyzed for N content using a wet-acid digest procedure (Lachat Instrument, 1992) . Samples were ground 34, 67, and 101 kg N ha Ϫ1 treatments, respectively, and 112 and 224 kg N ha Ϫ1 for the SW-F 22 and 45 kg N ha Ϫ1 treatto pass a 0.85-mm screen prior to analysis. In 1994 and 1996, crop residue N and C were determined by dry combustion ments, respectively.
Each main block of the study was 137.2 by 73.1 m in size. with a Carlo-Erba 1 C-N analyzer (Haake Buchler Instruments, Inc., Saddle Brook, NJ) (Schepers et al., 1989) . The total Tillage plots (45.7 by 73.1 m) were oriented in a north-south direction and N plots (137.2 by 24.4 m) in an east-west direction amount of residue N returned to the soil in each cropping system was determined. across tillage plots with individual plot size being 45.7 by 24.4 m. Triplicate sets of AC plots (SW-WW-SF, WW-SF-SW, Soil samples, four 3-cm diam. cores per plot, were collected at random from each tillage and N fertilizer treatment of each and SF-SW-WW crop sequences) and duplicate sets of SW-F plots (SW-F and F-SW sequences) were established in 1984 rotation phase following harvest of each crop in the fall of 1996, including the fallow phase of the SW-F plots. Samples to allow all phases of the rotations to be represented each year. The experimental design was a strip-split plot with tillage were collected from the 0-to 7.6-, 7.6-to 15.2-, and 15.2-to 30.5-cm soil depths. After the soils were dried and ground, a and N rate treatments stripped with three replications. 0.1 M HCl fizz-test was done on each sample to verify that In the AC system, the CT treatments were generally disked CO 3 -C was not present. Each soil core was analyzed separately once in the fall following harvest and prior to spring planting for total soil N and C with the Carlo-Erba C-N analyzer. Soil with generally Ͻ30% surface residue cover at planting. Minibulk density (D b ) was determined for each sampling depth in mum-till treatments were generally undercut once with a each plot using a soil-core method (Culley, 1993) . sweep plow at a shallow depth (Ͻ7.5 cm) following harvest Soil organic C reported for 1983 by Black and Tanaka and again prior to spring planting with 30 to 60% residue (1997) was determined by the Walkley-Black method (Peech cover at planting. No-till treatments generally received one et al., 1947) on soil samples (two cores for each soil depth) application of glyphosate [N-(phosphonomethyl)glycine] hercollected from each tillage treatment of each main block (all bicide to control fall weed growth after harvest and prior to rotation phases) in the study. Soil D b reported by Black and spring planting with generally Ͼ60% surface residue cover Tanaka (1997) was determined in 1990 similarly to the method at planting. used in the 1996 soil sampling in each of the tillage and N In the SW-F system, the fallow period began in August or treatments from all rotation phases. Because a CT production September each year following SW harvest and continued system was used prior to initiation of the study in 1984, the until SW planting 20 to 21 mo later. The CT treatments were average soil D b value reported for each soil depth in 1990 for generally not tilled in the fall following SW harvest. Tillage operations for the fallow period generally began the following spring and summer, with one shallow (Ͻ8 cm) tillage operation cropping system, differences in crop residue N were only significant between the 0 and 45 kg N ha Ϫ1 treatments. † N1 ϭ 34, N2 ϭ 67, N3 ϭ 101 kg N ha Ϫ1 for SW-WW-SF rotation; N1 ϭ 0, N2 ϭ 22, N3 ϭ 45 kg N ha Ϫ1 for SW-F rotation.
Nitrogen fertilization increased residue levels more in the AC rotation, which had higher N rates, than with the CT treatments of SW-F (Black and Tanaka, 1997) were the SW-F rotation. The amount of residue N returned used to calculate an estimated mass of SOC present in fall to the soil with the AC rotation was more than double of 1983. that with the SW-F rotation when averaged across N Analysis of variance procedures were conducted using SAS rates.
statistical procedures (SAS Institute Inc., 1991). Each cropping system was analyzed separately. All differences discussed are significant at the P Յ 0.05 probability level unless otherwise Soil Carbon stated. A least significant difference (LSD) was calculated Soil organic C mass in the soil depths sampled was only when the analysis of variance F-test was significant at the P Յ 0.05 probability level.
not significantly affected by tillage or N treatment in the SW-F rotation after 12 yr (Table 2 ). In contrast, SOC mass in the 0-to 7.6-cm soil depth increased as
RESULTS AND DISCUSSION
tillage intensity decreased within the AC rotation. This
Crop Residue
reflects the increasing level of crop residue returned to the soil with decreasing tillage intensity in AC rotation The total crop residue returned to the soil surface ( Table 1) . As tillage intensity increases, crop residueduring 12 yr (six crops) in the SW-F rotation was less soil contact is increased and incorporated residues are with NT than with CT and MT systems (Table 1) . In placed into moister conditions than those left on the contrast, the AC rotation total crop residue returned to soil surface. In addition, tillage creates a more oxidative the soil during 12 yr or 12 crops increased with decreassoil environment resulting in more rapid decomposition ing tillage intensity (NT Ͼ MT Ͼ CT). Residue returned of crop residues and soil organic matter (Doran, 1980) . to the soil with AC rotation was 164, 180, and 199% Although N fertilization increased the level of residue of that with SW-F rotation for the CT, MT, and NT returned to the soil, SOC sequestration was not affected treatments, respectively. The greater level of crop residue with the AC rotation resulted because six more by N fertilization in the AC rotation, except for a signifi- the SW-F system from the fall of 1983 to the fall of cant tillage ϫ N rate interaction in the 7.6-to 15.2-cm 1996. Changes in SOC mass from the fall of 1983 to the soil depth (Fig. 1) . At this soil depth, NT had a higher fall of 1996 in the SW-F system was Ϫ2.4, Ϫ0.8, and level of SOC than with CT at the 34 and 67 kg ha Ϫ1 N ϩ1.3 Mg C ha Ϫ1 for the 0-to 7.6-, 7.6-to 15.2-, and 15.2-rates. The decrease in SOC mass with NT at the 101 kg to 30.5-cm soil depths, respectively, in the CT treatment. ha Ϫ1 N rate probably reflects the decrease in soil D b Changes in SOC mass in the MT treatments were Ϫ0.9, shown in Fig. 2 . The same trend was observed for TSN Ϫ0.9, and Ϫ0.2 Mg C ha Ϫ1 for these same respective at this depth (Fig. 3) , which would indicate that soil D b soil depths, while changes in SOC mass in NT treatments (Fig. 2) affected the measured mass of SOC at this depth were Ϫ1.3, Ϫ2.5, and Ϫ0.8 Mg C ha Ϫ1 , respectively. The for the NT treatment. Neither tillage or N fertilization above comparisons assume that the two methods used rate had an effect on SOC in the 15.2-to 30.4-cm soil for SOC analysis provided similar estimates of SOC depth in either cropping system. (Bowman et al., 2002) and that the 1990 soil D b used to Soil organic C mass in the 0-to 15.2-cm depth for calculate C mass were representative the soil D b in 1983. the CT, MT, and NT systems were 4, 6, and 19% less, In the AC system, changes in SOC mass from Fall respectively, in the SW-F rotation compared with the 1983 to Fall 1996 in CT treatments were Ϫ0.3, Ϫ1.4, AC rotation. The benefits of the AC system in sequestering SOC over that of SW-F system is demonstrated and Ϫ1.7 Mg C ha Ϫ1 for the 0-to 7.6-, 7.6-to 15.2-, and here along with the benefits of reducing tillage intensity 15.2-to 30.5-cm soil depths, respectively. Changes in to sequester SOC in the more intensive cropping system. SOC mass in the MT treatments were ϩ0.8, Ϫ0.5, and These results are in agreement with the Canadian obser-ϩ1.1 Mg C ha Ϫ1 for these same respective soil depths, vations summarized by Janzen et al. (1998a) and those reported by Peterson et al. (1998) for the U.S. Great Plains.
Based on residue C measurements in 1994 and 1996, the average residue C content was 437 g kg Ϫ1 for SW, 432 g kg Ϫ1 for WW, and 434 g kg Ϫ1 for SF. Based on an average residue C for all treatments of 434 g C kg
Ϫ1
for all crops, C inputs would be ෂ15.5, 16.8, and 17.4 Mg C ha Ϫ1 for the CT, MT, and NT treatments, respectively, for the AC system. Residue C inputs for the SW-F system would be 9.5, 9.3, and 8.8 Mg C ha Ϫ1 for the CT, MT, and NT treatments, respectively.
Soil samples collected in the fall of 1983 after SF harvest had an average soil C content of 21.4, 20.5, and 14.1 g C kg Ϫ1 for the 0-to 7.6-, 7.6-to 15.2-, and 15.2-to 30.5-cm soil depths, respectively, as reported by Black and Tanaka (1997) . The estimated mass of SOC in the fall of 1983 was 18.7, 20.7, and 28.1 Mg C ha Ϫ1 in the data in Table 2 for 1996, SOC mass decreased within while changes in SOC mass in the NT treatments were MT, AC system. These residue C conversion efficiencies to SOC are slightly lower than those reported by Camp-ϩ2.1, ϩ0.7, and ϩ0.3 Mg C ha Ϫ1 , respectively.
The above changes in SOC mass indicate that in the bell et al. (2000a) for southern Saskatchewan. SW-F system, a net loss of SOC occurred from 1983 to 1996 for all tillage treatments in the 0-to 15.2-cm depth.
Soil Nitrogen
Since the plot area had been in a CT more intensive Total soil N (TSN) in the soil depths sampled was cropping system than SW-F from 1951 to 1983, the loss not influenced by tillage or N treatment after 12 yr in SOC from that initially present in the native sod may within the SW-F rotation (Table 3) , similar to that of have been slower than would have occurred with a SW-F SOC. In contrast, TSN increased with decreasing tillage system (Jenzen et al., 1998b) . Therefore, conversion to intensity within the AC rotation in the 0-to 7.6-and a SW-F system in 1984, where a fallow period was more 7.6-to 15.2-cm soil depths, with a significant tillage ϫ frequent than in years prior to 1983, may explain some N interaction for the 7.6-to 15.2-cm soil depth. This of the loss in SOC with all tillage systems within the is in agreement with the increase in N mineralization SW-F system as a new SOC equilibrium level was being potential with NT compared with CT reported by Wienestablished for SW-F. The soil in 1983 was possibly at hold and Halvorson (1999) for this site. a higher level of SOC than could be sustained by the Although increasing N rate increased the amount of SW-F system. residue N returned to the soil, N rate did not affect TSN In the AC system, there was a net loss (Ϫ1.7 Mg C in the 0-to 7.6-cm soil depth after 12 yr in the AC ha Ϫ1 ) in SOC with CT, a slight gain (0.3 Mg C ha Ϫ1 ) rotation. In the 7.6-to 15.2-cm soil depth, TSN was with MT, and a larger gain (2.8 Mg C ha Ϫ1 ) with NT in affected by tillage and N rate (Fig. 3) . At this soil depth, the 0-to 15.2-cm soil depth. Thus, the more intensive NT had higher levels of TSN than CT at all N rates. AC system using NT was the most efficient in storing With NT, TSN increased at the 67 kg ha Ϫ1 N rate com-SOC in this study, with ෂ16% of the residue C sequespared with the 34 kg ha Ϫ1 N rate, then decreased at the tered in the soil during the 12 yr. This compares with ෂ2% of the residue C sequestered in the soil with the 101 kg ha Ϫ1 N rate. This decrease in TSN mass reflects 
Soil Bulk Density
Soil D b was measured in each plot to enable the calculation of mass of SOC and N per unit area. Soil D b generally increased with decreased tillage intensity within the SW-F rotation at all soil depths (Table 4) ; however, differences were not significant in the 7.6-to 15.2-cm depth. Soil D b was greater with NT than with CT and MT at the 15.2-to 30.4-cm depth within the treatment, but not at the 15.2-to 30.4-cm soil depth which was not affected by tillage. The increased amount fertilization had little effect on SOC sequestration in of crop residue returned to the soil with NT compared this study, even though crop residue production was with CT in the AC rotation did not reduce soil D b to increased by N fertilization in both cropping systems. CT levels. These data are in agreement with those reChanges in TSN within tillage and N treatments mirported by Grant and Lafond (1993) who found that rored those of SOC. Soil bulk density increased with soil D b in the surface soil layers increased as tillage decreased tillage intensity in both cropping systems. Soil intensity decreased.
bulk density decreased with increasing N rate in the 0-Nitrogen fertility rate generally had no effect on soil to 7.6-cm soil depth within the AC system. The results D b in the 0-to 7.6-cm depth within the SW-F rotation suggest that continued use of a crop-fallow farming sys- (Table 4) . Soil bulk density decreased with increasing tem, even with NT, may result in loss of SOC. Intensi-N rate in the 0-to 7.6-cm soil depth within the AC fying the cropping rotation, even including SF in the rotation. This reflects the increased amount of crop resirotation, and utilizing NT farming practices will have a due returned to the soil with increasing N rate and a positive impact on SOC sequestration. With NT, an likely increase in root biomass produced. This observaestimated 233 kg C ha Ϫ1 was sequestered each year in tion is in agreement with the findings reported by Halthe AC system which included SF, compared with 25 vorson et al. (1999c) from the central Great Plains who kg C ha Ϫ1 with MT and a loss of 141 kg C ha Ϫ1 with found soil D b decreased as residue amount returned to CT. The yearly gain in SOC in the AC system with NT the soil increased with increasing N rate.
is similar to yearly gains in SOC reported by Campbell A significant tillage ϫ N rate interaction for soil D b et al. (2000a) for well fertilized AC systems in Canada. was present for the 7.6-to 15.2-cm soil depth for both Conversion from crop-fallow to more intensive cropping cropping systems. Soil D b in the SW-F rotation tended systems utilizing NT will be needed to have a positive to increase with increasing N rate for the CT and MT impact on reducing CO 2 loss from croplands in the U.S. treatments, but decrease with increasing N rate with NT northern Great Plains. (Fig. 4) . The trends in soil D b were similar (Fig. 2) within the AC system. The underlying cause for this interaction
